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We have fabricated an array of Sub-gap Kinetic Inductance Detectors (SKIDs) made of granular
aluminum (Tc ∼2 K) sensitive in the 80-90 GHz frequency band and operating at 300 mK. We
measured a noise equivalent power of 1.3 × 10−16 W/Hz0.5 on average and 2.6 × 10−17 W/Hz0.5
at best, for an illuminating power of 50 fW per pixel. Even though the circuit design of SKIDs
is identical to that of the Kinetic Inductance Detectors (KIDs), the SKIDs operating principle is
based on their sensitivity to sub-gap excitations. This detection scheme is advantageous because it
avoids having to lower the operating temperature proportionally to the lowest detectable frequency.
The SKIDs presented here are intrinsically selecting the 80-90 GHz frequency band, well below the
superconducting spectral gap of the film, at approximately 180 GHz.
PACS numbers:
I. INTRODUCTION
Terahertz (THz) electromagnetic waves are defined
from 0.1 THz to 10 THz, corresponding to wavelengths
from 3 mm down to 30 µm1–3. These waves are non-
ionizing and can pass through wood, plastic, clothing
and the atmosphere in a few frequencies bands (THz at-
mospheric transmission windows). Most molecules have
vibration or rotation frequencies in the THz range, allow-
ing spectroscopic identification4,5. These properties drive
the development of THz imaging and THz spectroscopy
for various potential applications such as security6, med-
ical diagnostic7, quality control process and astrophysics
research8,9. To better exploit these potential applica-
tions, two main research directions are being conducted:
the development of sensitive detectors and the develop-
ment of intense sources. The present work focuses on
the investigation of a new kind of sensitive detector, the
Sub-gap Kinetic Inductance Detector10 (SKID), a partic-
ular implementation of the Kinetic Inductance Detector
concept (KID)11–13.
KIDs are detectors used for millimeter wave obser-
vations in astrophysics14–17 and for emerging security
THz passive cameras18,19. They are planar resonant cir-
cuits made of superconductors deposited on an insulat-
ing substrate. They are usually cooled down to about
100 mK. The photon detection principe consists in mon-
itoring the resonance frequency shift that is proportional
to the incident power. Thanks to a straightforwards fab-
rication process, an easy multiplexing technique and a
compact design, KIDs are ideal to achieve large sensi-
tive arrays with thousands of pixels, such as the ones
currently installed in the NIKA2 millimetric camera of
the IRAM 30 m telescope (Pico Veleta, Spain)20. The
current NIKA2 KIDs arrays have a total of about 3000
KIDs of thin superconducting aluminum, operating at
150 mK and detecting frequencies in the 120-300 GHz
band. Their noise equivalent power is of the order of
10−17W/Hz0.5 to 10−16W/Hz0.5 as required for ground-
based observations.
The circuit design of SKIDs is identical to that of
the Kinetic Inductance Detectors. The photon detection
principe also consists in monitoring the resonance fre-
quency shift that is proportional to the incident power.
However, the mechanism giving rise to the frequency shift
is different. For classic KIDs11, in order to generate a
frequency shift the incident photon must carry an en-
ergy hν higher than or equal to the superconducting gap
2∆. This gap is the minimum energy required to break
the Cooper pairs forming the superfluid. Thus, for a
given superconducting material, the smallest detectable
frequency is νlow = 2∆/h. An associated constraint is
that, in order to exclude temperature induced excita-
tions, the operating temperature must be less than or
equal to T ∼ 2∆/(35kB) where kB is the Boltzmann con-
stant34. In short, for classic KIDs, reducing the smallest
detectable frequency requires a proportional reduction of
the operating temperature. For detection at 80 GHz, an
operating temperature lower than ∼100 mK would thus
be needed. The working principle of SKIDs removes this
constraint. For SKIDs10,21, the shift of the measured
frequency is due to absorbed photons at a sub-gap exci-
tation frequency. This mechanism is known as the cross-
Kerr effect. It occurs because in superconducting thin
films the superfluid density, and thus the kinetic induc-
tance, depends on the current 10,22,23, and the circulat-
ing current is increased by adding photons. Below the
superconducting gap, adding photons is only possible if
sub-gap excitations exist, otherwise the superconductor
is a perfect mirror (the photons are reflected). Sub-gap
excitations can be higher order of the fundamental reso-
nance frequency10,24 or phase and amplitude fluctuations
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2of the superconducting order parameter21 (respectively
Goldstone and Higgs modes). The higher is the cross-
Kerr coefficient, the more sensitive is the SKID detector.
Here we report the performances of a Sub-gap Ki-
netic Inductance Detector array made of superconduct-
ing granular aluminum (grAl, see Fig. 1). The sensitivity
of superconducting granular aluminium layer to sub-gap
excitations has been evidenced in a previous study21.
The intense sensitivity at about 85 GHz is interpreted
as a divergence of the density of sub-gap modes at the
two-dimensional plasma frequency24, explaining why the
SKIDs are intrinsically selecting the 80-90 GHz frequency
band. These SKIDs may provide a potential option for
imaging at 85 GHz.
II. EXPERIMENTAL
Figure 1 shows the design of a SKID array (top
panel) and a schematic representation of the experimen-
tal set-up. The SKID array consists in twenty-two LC-
resonators coupled to a feedline in a coplanar waveg-
uide (CPW) configuration. The inductor L, the radia-
tion sensitive element, is identical for all the resonators
while the finger length of the capacitors C are adjusted
to tune the resonant frequency f = 1/(2pi
√
LC) and
achieve frequency multiplexing. The array is deposited
on a 330 µm thick sapphire substrate. The feedline and
the ground plane are made of a 20 nm thick aluminum
layer with a normal state resistivity of ∼2 µΩcm, a crit-
ical temperature of ∼ 1.4 K and a superconducting gap
2∆/h ∼100 GHz25. The resonators are made of a 20 nm
thick granular aluminium26–30 layer with a normal state
resistivity of ∼900 µΩcm, a critical temperature of ∼ 2 K
and a superconducting gap 2∆/h ∼180 GHz. The ar-
ray is cooled at 300 mK in an optical dilution refrig-
erator. Photons illuminate the resonators from outside
the cryostat through a series of optical filters. The fil-
ters configuration ensured that only photons with en-
ergy ν <110 GHz reach the resonators. Nineteen out of
twenty-two SKIDs were functional, with fundamental res-
onance frequencies ranging from 2.86 GHz to 3.79 GHz.
III. RESULTS AND DISCUSSION
A standard protocol to quantify the efficiency of
a photon detector is to evaluate its noise equivalent
power10,25,31,32 (NEP) which corresponds to the signal
power producing a signal-to-noise ratio of one in a one
Hertz output bandwidth. NEP is defined in this case as:
NEP =
∆WoptSf
∆f
(1)
where Wopt is the optical load power per detector, ∆f
is the frequency shift of the resonance generated by the
change of the optical load ∆Wopt (the power to be de-
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FIG. 1: Sub-gap Kinetic Inductance Detectors design
and experimental set-up. (a) The SKIDs, in red, are
planar resonators made out of superconducting granular alu-
minum (grAl). They consist in a Hilbert fractal inductor and
a capacitive element that is adjusted to tune the resonant
frequency. (b) Photons illuminate the resonators through op-
tical apertures and filters of a dilution refrigerator operat-
ing at 300 mK. The resonance frequency shifts are monitored
through the transmission coefficient S21 of the feedline.
tected), and Sf is the noise spectral density. The smaller
the NEP, the more sensitive the detector.
Figure 2 displays the frequency shift of the resonance
due to a change of the optical load. The figure shows
the magnitude of the transmission coefficient |S21| of the
feedline for the best SKID (number #2) for two different
incident optical powers. The resonance frequency shifts
by almost 8 kHz when the temperature of the black body
source is changed from 300 K to 60 K. The average fre-
quency shift of the array is 8.5 kHz, with a standard
deviation of 1.4 kHz.
The evaluation of the change of the optical load per
detector, ∆Wopt, is done using a three-dimension ray-
tracing software where the inputs are the spectral lumi-
nescence of the source (a black body source at 300 K
and 60 K), the geometry of the cryostat (the apertures,
the distances, the lenses curvatures and materials), the
size of the detector (∼ 400 × 400 µm2) and the spectral
response of the detector. The spectral response of the
detector can be over-estimated by taking into account all
the frequencies up to the low pass filter cutoff frequency
at 110 GHz, leading to ∆W 0−110 GHzopt ∼ 0.2 pW. The
spectral response can also be measured, as presented be-
low, leading to a smaller, and more realistic estimation of
the change of the optical load ∆W 82−92 GHzopt ∼ 0.05 pW.
This power corresponds to imaging at 85 GHz.
Figure 3 presents measurement of the spectral response
of SKID number #2. The top panel shows the actual
measurement: the frequency shift as a function of the op-
tical path difference of a Martin-Puplett spectrometer33.
The Martin-Puplett spectrometer is a Fourier Transform
Spectrometer with a beamsplitter that consist in a grid
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FIG. 2: Photon detection demonstration for SKID #2.
The resonant frequency shifts down by 8 kHz when the tem-
perature of a black body source illuminating the detector is
increased from 60 K to 300 K. The black body spectrum is
filtered by a low pass with a cut-off at 110 GHz.
of gold wires especially adapted for measurements in the
50 GHz - 3 THz range24,33. The radiation source is a
broad band one that is split in two beams and recombined
with an optical path difference that is varied thanks to a
moving mirror. The intensity as a function of the optical
path difference, the interferogram, is the sum of interfer-
ence fringes of different wavelengths. The Fourier Trans-
form of the interferogram, the spectrum, is the intensity
as a function of the incoming light wavelength. For our
measurements, we proceed to a lock-in detection by mod-
ulating the incoming broad band source between a black-
body source at nitrogen temperature (77 K) and one at
room temperature. The interferogram of the SKID num-
ber #2 (top panel) is almost a pure sinusoid with a few
beating frequencies. The corresponding spectrum (the
bottom panel) shows a maximum absorption at 86 GHz.
The spectral response of the other SKIDs is similar: al-
most pure sinusoidal interferograms and spectra with a
dominating absorption between 80 GHz to 90 GHz. The
SKIDs made out of granular aluminum with a normal
state resistivity of ∼900 µΩ.cm are thus intrinsically se-
lecting the 80-90 GHz frequency band with a low pass
filter of 110 GHz to suppress the above-gap (standard
KID) optical response.
Figure 4 shows the noise spectral density (NSD) of
SKID number #2. Under a constant optical load, the
variation of the resonance frequency of each SKID has
been recorded over time and a Fourier Transform has
been applied to get the NSD. At 10Hz, the NSD of SKID
number #2 is Nf ∼ 4 Hz/Hz0.5. At 10 Hz, the average
NSD of the array is 28 Hz/Hz0.5 with a standard devia-
tion of 17 Hz/Hz0.5. The uniformity of the array has to
be improved. In particular, the response seems homoge-
nous, but the noise is very variable. This last point needs
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FIG. 3: Spectral response of SKID #2. (a) Frequency
shift as a function of the optical path difference of a Martin-
Puplett spectrometer. (b) Frequency shift as a function of
incident photon frequency. Fourier Transform of the top panel
response.
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FIG. 4: Noise spectral density (NSD) of SKID #2.
to be understood. Optimization of the readout power per
SKID may help.
Figure 5 presents the evaluation of the noise equiv-
alent power of our detectors with equation (1) using
the smallest value of the optical load variation. For
the best detector, SKID number #2, we get a NEP of
2.6× 10−17 W/Hz0.5, comparable to the result obtained
on KIDs made of Ti-Al bilayer operating at 100 mK for
a 80-120 GHz frequency band25. The average NEP of
the SKIDs array is 1.3×10−16 W/Hz0.5 for an operating
temperature of 300 mK and a 80-90 GHz frequency band.
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FIG. 5: Noise equivalent power of a SKIDs array for
a 80-90 GHz frequency range. The SKIDs are identified
by their index from 0 to 21, see figure 1a (19 out of 22 were
functional resonators).
IV. CONCLUSION
The presented grAl SKID are potentially of interest
for imaging applications in the 80-90 GHz band. Indeed,
the upscaling of our array to a larger one is technically
possible. The readout electronics is already available to
address up to 400 detectors per feedline. Also, the base
temperature requirement of 300 mK, instead of 100 mK,
simplifies the cryogenic setup, although the need of sub-
K temperatures still implies the use of relatively com-
plex instrumentation. The intrinsic frequency selectivity
of these detectors may be used as a natural band-pass
filter. However, we still have not implemented a mecha-
nism to tune the absorption band. Further investigation
may increase the required minimum operating tempera-
ture by unveiling other superconducting materials with
collective sub-gap modes and higher critical temperature.
Beside, THz-spectroscopy on chip may be envisioned if a
solution is found to tune in situ the frequencies of the sub-
gap modes. Possible options include, for example, the use
of applied magnetic fields and/or DC currents. Magnetic
fields an DC currents reduce the superfluid density. The
energy of the sub-gap superconducting excitations (and
therefore their frequencies) will be varied in turn.
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